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One of the fundamental problems in cardiovascular
research is concerned with the relation between
biochemical energy provision and demand of the
myocardium in healthy and diseased states. Until
recently most of the available biochemical information
was a result of indirect or highly invasive measure-
ments. During the past nine years we have shown that
nuclear magnetic resonance spectroscopy is a power-
ful tool for the study of tissue energetics! and have
developed techniques for the study of isolated and in
vivo organs in animals? and more recently in man.3
Nuclear magnetic resonance is observed as a very
weak response when chemical substances are placed
in a strong uniform magnetic field and are irradiated
with weak radiofrequency waves. It arises from the
interaction of atomic nuclei with the applied magnetic
field and yields detailed information about chemical
structures and molecular motions. Only those nuclei
that have magnetic properties give rise to signals. For
example, when the 'H atom is observed signals
mainly from water and fat are obtained and are used
for reconstructing spatially resolved images. The
clinical applications of nuclear magnetic resonance
imaging are reviewed in this issue.4 In our own work

we use nuclear magnetic resonance in a different way.

If we apply considerably stronger and more
homogeneous magnetic fields than those used in imag-
ing signals from individual chemicals can be resolved
in the frequency domain. We have mainly concen-
trated on detecting phosphorus nuclei and are now
able to follow various biochemical processes by the
use of phosphorus (3!P) nuclear magnetic resonance
spectroscopy. To appreciate the clinical value of the
method in cardiology we should consider the
bioenergetic processes in muscle (Fig. 1).

The key role of adenosine triphosphate in providing
the energy for work is assured by adequate provisions
for maintaining its concentration through three sepa-
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Fig. 1 Energetics in heart and muscle (ADP, adenosine
diphosphate; PCr, phosphocreatine; ATP, adenosine
triphosphate).

rate but closely interlinked reactions: (a) oxidative
phosphorylation, (b) the rapid conversion of phos-

- phocreatine to  adenosine triphosphate, and (c)

anaerobic degradation of glycogen to lactic acid. The
fluxes through the different pathways are controlled
in several ways and the switch from aerobic to
anaerobic production of adenosine triphosphate
involves a complex series of reactions catalysed by a
cascade of enzymes in which Cat+ has a special role.
Lactate production is accompanied by cellular
acidification, particularly under conditions of
restricted flow, and as a result is believed to contri-
bute to irreversible damage during cardiac ischaemia.

In my view it is inconceivable that knowledge of the
concentrations of high energy phosphates, the fluxes
through the various reactions shown in Fig. 1, and the
way these are controlled would not be useful to the
clinician. 3!P nuclear magnetic resonance is now at a
stage where such information can be obtained non-
invasively from humans. I shall summarise some of
our work under three main headings.
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Fig. 2 3P nuclear magnetic resonance spectrum of perfused
rat heart. Peaks from left to right: P; ,y, external inorganic
phosphate (indicating pH of 74); P; (i), internal inorganic
phosphate (indicating pH of 7-03); PCr: phosphocreatine;
beta ATP, beta phosphate group of adenosine triphosphate.

Nature of information from 3'P nuclear magnetic
resonance

CONCENTRATIONS OF METABOLITES AND
INTRACELLULAR pH '

Fig. 2 shows a typical 3!P nuclear magnetic resonance
spectrum obtained from an isolated perfused rat
heart. The chemical responsible for each resonance
can be identified from the frequency of the signal
while the area under each peak gives a direct measure
of the amount of the corresponding compound pres-

ent in the sample. We can also find out something’

about intermolecular interactions, environment, and
molecular motion from measurements of line widths
and relaxation indices. Simultaneously, from the posi-
tion of the signal from inorganic phosphate we can
derive the value of intracellular cytoplasmic pH.

For example, during cardiac arrest (which we can
simulate in the isolated heart by inducing total global
ischaemia) we observe the rapid depletion of phos-
phocreatine (in less than 4 minutes at 37°C), the build
up of inorganic phosphate, and intracellular
acidification. Decrease in adenosine triphosphate is
observed only after all the phosphocreatine has been
used up. The time course of changes in metabolites
can thus be rapidly followed both in the early stages of
ischaemia and during recovery brought about by
reperfusion.S During a 12 to 15 minute period of total
global ischaemia intracellular pH decreases from 7-05
to 6-4. It has often been suggested that high acidity
can lead to irreversible damage during ischaemia. Our
studies suggest that while the ischaemic myocardium
can be protected by good external buffering, which
reduces intracellular acidosis,® low pH alone does not
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account for irreversible damage. For example, in
hearts treated with insulin before global ischaemia,
intracellular pH decreases to as low a value as 5-9 yet
functional and metabolic recovery is observed after
reflow. This is because adenosine triphosphate is
maintained by increasing glycogenolysis.” This obser-
vation illustrates how 3!P nuclear magnetic resonance
can be used to study tissue protection. In addition,
“well established” ideas can now be directly tested; in
this case the demonstration that glycogenolysis pro-
ceeds rapidly even though the intracellular pH
decreased to well below 6-3 is unexpected and con-
trary to established views about the inhibition of
phosphofructokinase at low pH.

REACTION FLUXES: IN VIVO ENZYMOLOGY

A unique aspect of in vivo nuclear magnetic resonance
spectroscopy is that the fluxes of intracellular enzyme
catalysed reactions can be measured even when the
system is in equilibrium or a steady state. Fig. 3 illus-
trates the method of saturation transfer.® Consider,
for example, interconversion of phosphocreatine to
adenosine triphosphate and of adenosine triphosphate
to inorganic phosphate, catalysed by the enzymes
creatine kinase and mitochrondrial adenosine
triphosphatase. If in some way we were to “pulse
label” the gamma phosphate residue of adenosine
triphosphate, this label would be chemically transfer-
red to phosphocreatine and inorganic phosphate, giv-
ing an opportunity to measure the appropriate reac-
tion rates. Labelling is achieved by selective irradica-
tion of the gamma phosphate of adenosine triphos-
phate. This perturbs its magnetic (but not chemical)
properties and results in eliminating (saturation) the
corresponding peak from the spectrum. When this
magnetisation is chemically transferred to the phos-
phorus groups of phosphocreatine and inorganic
phosphate the decrease in the intensities of their reso-
nances is used to measure quantitatively the fluxes
phosphocreatine — adenosine triphosphate and inor-
ganic phosphate — adenosine triphosphate. In a beat-
ing rat heart the flux through creatine kinase is con-
siderably faster than the rate of adgnosine triphos-
phate synthesis (Table 1), a prediction that could not
be tested in vivo before. Comparison of adenosine
triphosphate synthesis with oxygen uptake now also
makes it possible to study the efficiency of oxidative
phosphorylation in vivo.® This is of particular interest
in the examination of cardiomyopathies, hypertrophy,
thyrotoxicosis, etc.

Towards the clinic

It is now possible to carry out the kind of biochemical
studies as outlined above on intact tissues and organs
of laboratory animals and humans. The key to this
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Table 1 Results of saturation transfer,* metabolite concentration,} and values for the time constant T | (figures are means +SD)

PCr ] P; ) M+/M°(PCr) M*tIM°(P) T(P)
(pmolfg dry weight) (pumollg dry weight) (s
28-4x1.7 9711 0-32+0-01 0-64+0-02 1:9+0-2
PCr, phosphocreatine; F;, inorganic phosphate.

*Extent of saturation transfer is exz)ressed as a fraction of the signal intensity with irradiation to high frequency of inorganic phosphate.

fConcentrations were determined
methods.

approach is to localise the spectroscopic observations
to a defined volume element within the subject to be
examined. So far, two main methods of localising 3!P
nuclear magnetic resonance measurements have been
used: surfaceé coils!® and field profiling (focusing).!!
These techniques (or a combination of the two) have
been used in examining the biochemical energetics of
skeletal muscle, brain, heart, liver, and kidney in
laboratory animals and of skeletal muscle in humans.

In animal models, for example, the time course of
metabolic changes in the heart following respiratory
arrest has been examined (Fig. 4).!2 In haemorrhagic
shock, immediate changes in the concentrations of
adenosine triphosphate and intracellular pH are seen
in the kidney,!* while high energy phosphates are
maintained in the brain despite a drastic reduction in
blood pressure.!4 Models for stroke in gerbils!s and in
a monkey!4 show regionalised metabolic changes in
the brain.

In the clinic

Since early 1981, it has been possible to examine
human muscle metabolism by 3!P nuclear magnetic
resonance in limbs.!¢ In the clinical magnetic reso-
nance laboratory at the Radcliffe Infirmary, Oxford,
we examined patients with disorders of the
neuromuscular system and studied the bioenergetics
of intact human muscle in normal healthy volun-
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Fig. 3 Schematics of saturation transfer nuclear magnetic
resonance for heart muscle. (Results given in Table 1 and
reference 8). PCr, phosphocreatine; P;, inorganic phosphate;
ATP, adenosine triphosphate.

rom the relative areas of the metabolites and calibrated external standard resonances as described in the

teers.'® The concentrations of phosphocreatine,
adenosine triphosphate, and inorganic phosphate as
well as intracellular pH in the flexor digitorum
superficialis can be measured during rest, dynamic
exercise (aerobic and anaerobic), and recovery from
exercise (Fig. 5). While there are large variations in
the relative amounts of oxidative and glycolytic
capacities of different individuals we were able to
establish a set of criteria that are characteristic of
healthy muscle.

(1) At rest, intracellular pH, and the relative con-
centrations of phosphocreatine, inorganic phosphate,
and adenosine triphosphate are constant.

(2) During aerobic exercise there is a characteristic
relation between the decrease in phosphocreatine and
intracellular pH, indicating that lactate production
becomes significant only after more than 60% of the
phosphocreatine is used up. Surprisingly, intracellu-
lar pH may reach as low a value as 5-9 to 6-1, showing
that phosphofructokinase is still partially active at pH
6-0.
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Fig. 4 Series of 3'P nuclear magnetic resonance spectra of
in vivo rat heart recorded as a function of time during
respiratory arrest. Each spectrum represents the Fourier
transform average of 400 sampling pulses and required 6-8
min for total collection. The times given are the midpoints of
each accumulation. Peak assignments: 1, beta-ATP; 2,
alpha-ATP + alpha-ADP + phosphodiesters; 3,
gamma-ATP + beta-ADP; 4, phosphocreatine; S, P; +
2-phosphate of 2,3-diphosphoglycerate; 6, 3-phosphate of
2,3-diphosphoglycerate.
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Fig. 5 31P spectrum (a) and 'H spectrum (b) of male

subject. Spectrum (a) was collected over 256 s and (b) over
8 s (1 sampling pulse every 2 s). Peak assignments are: I,
beta-phosphate of adenosine triphosphate; I1,
alpha-phosphate of adenosine triphosphate plus NAD+ and
NADH; 111, gamma-phosphate of adenosine triphosphate;
1V, phosphocreatine; V, inorganic phosphate; VI,
triglycerides; VII, water.

(3) There is no metabolic recovery if the muscle is
made ischaemic after exercise, implying that
glycolysis is switched off as soon as exercise is stop-
ped. Lactic acidosis is not the cause of this and pre-
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sumably Ca*+ is needed to maintain the activation of
phosphorylase kinase.

(4) During recovery the rate of phosphocreatine
resynthesis reflects oxidative capacity while the faster
disappearance of inorganic phosphate gives indication
about intracellular phosphate redistribution.

(5) The rate of pH recovery is a measure of H+
export from the muscle cell.

We have already seen abnormal behaviour in all
these indices in various pathological states among the
210 patients that have been investigated in Oxford.
Table 2 summarises the number of patients we have
seen with different conditions.

Primary metabolic lesions—for example, enzyme
defects—in the glycolytic pathway? or mitochrondrial
dysfunction!? 18 are readily observed. The consequ-
ences of dystrophies, of insufficient substrate deliv-
ery, can be recorded,!? and the effect of various sys-
temic dysfunctions on muscle metabolism can be
investigated. In the latter group changes observed in
renal failure, diabetes, hypothyroid and hyperthyroid
conditions may provide a useful index to evaluate the
efficacy of corrective procedures.

Among the many patients with undiagnosed muscle
weakness and pain, a group emerged with abnormal
control in the coordination of aerobic and anaerobic
energy supply. Interestingly, such metabolic distur-
bances appear to be associated with a postviral condi-
tion that can persist for a long period after a severe
virus attack (for example, influenza).

In one patient we examined the metabolic consequ-
ences of treatment with verapamil and found restora-
tion of some control function possibly associated with
intracellular Cat+.

Table 2 Biochemical disorders studied by 3'P nuclear magnetic resonance in 203 patients (367 examinations) according to Oxford

patient census (May 1981 to March 1983)

Metabolic myopathies
Somase 5
osphory
Phosphofructokinase 1?
Debrancher 4
Phosphorylase kinase 1?
Mitochondrial
Blocked 3
Uncoupled 1
Other (for example, carnitine) 11
Dystrophies
Duchenne
Becker
Limb girdle
Myotonica etc
Carriers

—
=XV IV.Y-N

Neuropathies
Brachial plexus lesion
Spinal muscular atrophy
otor neuron . .
Periodic hyperkalaemic paralysis

No

Systemic disorders and muscle
Renal failure 1
Diabetes 9
Thyrotoxicosis 3
Vitamin D deficiency 7
Abnormal P, 3
Hypothyroidism 3

Arterial oxygen
Artery stenosis claudication 5
Thalassaemia 3

Others
Myositis . 2
Arthrogryphosis congenita multiplex 4
Myasthenia gravis 2

Unknown muscle weakness or fatigue 39
Postviral 12 .
(7 clear biochem abnormalities—for example, rapid

acidification, inorganic phosphate redistribution, abnormal ?
Cat (treatment—for example, verapamil)
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Study of human heart disease

The technology to observe 3!P nuclear magnetic reso-
nance spectra in the human heart is now available and
clinical studies will soon begin. It is important that we
explore this new technique in relation to existing
clinical methods, yet at the same time realise that it
gives us a new approach to human investigations. It
tells us about the biochemistry of the tissue, albeit at
relatively low spatial resolution. Because of these, and
because the measurements can be repeated, new tests
can be designed to elucidate the basis of the disorder
and to develop or monitor treatment. Thus the tech-
nique should not be looked on as yet another expen-
sive diagnostic imaging technique but as a way of pro-
viding an objective and rational approach to clinical
research and patient management. In my view, this
technique cannot fail to enhance our understanding of
cardiomyopathies or to contribute to clinical evalua-
tions of the salvaging or correction of ischaemic heart
disease.

This work was supported by the Medical Research
Council, the British Heart Foundation, and a grant
from the National Institute of Health (USA).
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